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Lecture 2: 

1) How can the high viscosity sQGP
flow like a “perfect fluid”?  

** Because of deconfinement ! **   (T.Hirano, MG)

2) Intrinsic violations of Bjorken boost invariance:
The p+A Triangle  and  B+A Trapezoid

**Octupole twist of RHIC Initial Conditions (A. Adil, MG)

Refined test of CGC Initial Conditions at RHIC and LHC
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Nch = ρρρρs(Qs) A + ρρρρH (Qs) A4/3

RHIC data prove Q s varies with s and A

Global Evidence for saturating CGC initial state at RHIC
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Gluon Saturation below  k T <  Qs

Limits Rapid Growth of pQCD mini-jets

Corresponds to Deep Gluon Shadowing
in x<0.01 region
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Nuclear Glue Structure RHIC vs LHC

RHIC is  a sQGP machine with a partial view of CGC

LHC is a CGC machine with a partial view of sQGP
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CGC at LHC

EIC ~ 2020

LHC ~2010

Nuclear Glue Structure @ LHC vs @ dream machine EIC  (ELIC or eRHIC)
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Bulk Collective Flow of QCD matter
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W. Greiner, H. Stocker(1974)

P.Kolb, U. Heinz et al  (2000)

D.Teany, E. Shuryak

T. Hirano, Y. Nara
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“Lousy fluid” observed at lower SPS, AGS energies due to
Ordinary highly dissipative Hadronic Corona

some
QGP

all
QGP

2

2

( )T

T

dv p
dpε

2 2

2 2 2

y x

y x
ε

−
=

+

Hadronic
corona

Breakdown of Hydrodynamics in
Hadronic Phase explains excitation

function of v2(pT,√s)

SPS RHIC
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Breakdown of Bulk Breakdown of Bulk Breakdown of Bulk Breakdown of Bulk ““““Perfect FluidPerfect FluidPerfect FluidPerfect Fluid”””” HydrodynamicsHydrodynamicsHydrodynamicsHydrodynamics

Away from midAway from midAway from midAway from mid----rapidityrapidityrapidityrapidity

Due to increasingDue to increasingDue to increasingDue to increasing

viscous viscous viscous viscous hadronhadronhadronhadron corona corona corona corona 

Short wavelengthsShort wavelengthsShort wavelengthsShort wavelengths

due to asymptotic due to asymptotic due to asymptotic due to asymptotic 

freedomfreedomfreedomfreedom
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STAR

QGP 0
ˆ( ,x n )ρ τ + τ

Azimuthal v2(pt) 

Tomography
I. Vitev, X.N. Wang, MG,  PRL86(01)

Wood Saxon 
Sharp Cylinder 

High v 2(10 GeV) Still Open Problem
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Crash Crash Crash Crash Course on Dissipative Hydrodynamics:  Course on Dissipative Hydrodynamics:  Course on Dissipative Hydrodynamics:  Course on Dissipative Hydrodynamics:  

soundsoundsoundsound

ShearShearShearShear

viscosityviscosityviscosityviscosity

DampingDampingDampingDamping
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BjorkenBjorkenBjorkenBjorken

Gas kinetic theoryGas kinetic theoryGas kinetic theoryGas kinetic theory

T 0µν
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HubbleHubbleHubbleHubble

Flow velocity field uFlow velocity field uFlow velocity field uFlow velocity field um(x,t) and temperature field T(x,t)
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Lattice QCD: 

A.Nakamura, S.Sakai

ent

η
σℏ

? ?

Is Mystery of sQGP superfluidity � small Viscosity ??

Lattice QCD vs pQCD vs AdS/CFT  vs

N=4 SUSY: Kovtun,Son,Starinets (2004)
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A.Buchel, J.T.Liu and A.O.Starinets, 

``Coupling constant dependence of the shear viscosity 

in N = 4 supersymmetric Yang-Mills theory,'' 

arXiv:hep-th/0406264. 

Kovtun,Son,StarinetsKovtun,Son,StarinetsKovtun,Son,StarinetsKovtun,Son,Starinets 04040404

adSadSadSadS/CFT /CFT /CFT /CFT 

Universal lower boundUniversal lower boundUniversal lower boundUniversal lower bound

conjectureconjectureconjectureconjecture

But for gBut for gBut for gBut for g2222NNNNcccc=10=10=10=10----20  correction is < 20% to  1/420  correction is < 20% to  1/420  correction is < 20% to  1/420  correction is < 20% to  1/4π !π !π !π !

4πη
σℏ

1
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Viscosity in EM Plasmas
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dfp/dt=

Boltzmann equation in local rest frame

SHEAR VISCOSITY IN A CFL QUARK STAR .
Cristina Manuel   Antonio Dobado, Felipe J. Llanes-Estrada   hep-ph/0406058

Viscosity of HeII and CFL via Linearized Boltzmann of Phonons   f(p,t)=feq(p)+δfp

HeII: I. M. Khalatnikov, Zh. Eksp. Teor. Fiz. 44, 769 (1963) 

High viscosity of cold diquark “Neutron” Stars makes
Them stable against gravitation damping
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~ few mb
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How small can η/s get with increased coupling?
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(T/Tc)3

(T/Tc)3 (1+LogT/Tc)2

(T/Tc)1

“perfect fluid” sQGP has higher viscosity than the vi scous HRG
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T>Tc
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/ 0.1c cT T∆ ≈within( )
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Continuity of viscosity from sQGP -> HRG

Is also important for simplifying the Hydro -> Cascade

Boundary Conditions
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But viscosity and τµν are continuous across Tc, 
so this problem may be solved
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The P+A Triangle for R= dNpA/dy / dNpA/dy

y

ν ~ A1/3

ν ~ 1

R

The A+P Triangle for R= dNAp/dy / dNpA/dy

yP
yA

ν ~ A1/3

ν ~ 1

Part II:
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Proton+Emulsion data

W. Busza review 1976

(Acta Phys. Pol. B8, 333)

Brodsky, Brodsky, Brodsky, Brodsky, GunionGunionGunionGunion, Kuhn, Kuhn, Kuhn, Kuhn

PRL39(77)1120PRL39(77)1120PRL39(77)1120PRL39(77)1120

Color Neutralization ModelColor Neutralization ModelColor Neutralization ModelColor Neutralization Model

Feynman gas Feynman gas Feynman gas Feynman gas dydydydy====dx/xdx/xdx/xdx/x= = = = dMdMdMdM/M  /M  /M  /M  

The low pT Triangle
Boundary Condition

on RpA(y,pT<1)
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Triangle rapidity distribution found at RHIC
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HIJING  includes this basic 
Triangular or Trapezoidal

A+B multiplicity enhancement 
through Lund strings
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BGK Saddle in (η,xT) in Au+Au

• Local participant density 

• global multiplicity AA/pp

• Note global multiplicity is 
boost invariant for A = B 
but local density is Not!

INTRINSIC LOCAL BJORKEN SCALING VIOLATION O(A1/3/log(s))

2 2/AA g pp g

T T

dN dN

d d x d d xη η
→ →
� �
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Forward-Backward Rapidity Asymmetry

• Contour Plots of the 
local density

• Similar geometries 
studied by 
Hirano/Nara

Green - 10% , Blue - 50% , Red - 90%
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2 2( , ,0) /AA g pp g
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d d x d d x
ρ η

η η
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For CGC Initial Conditions
(T. Hirano, MG)
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Saddle

Long Range Rapidity Twist
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Twisted sQGP Initial Conditions

•
– Asymmetry apparent in Participant density (rotation around y-

axis)
– Binary collision density is symmetric for A+A

• Asymmetry can be probed via jet quenching
– Long range rapidity anti correlations can be recorded.
– * CGC has more complex twist pattern (in progress)
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Azimuthal asymmetric  RAA

• Nuclear Modification  

• Calculated using Drees, 
et al. absorption model

– κ ~ 0.25

η= −3η= 0

φ
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Polar Plot of RAA/Rmin

Pear shape due to twisted sQGP initial conditions

• Measure using Octupole Twist ‘θ3’
• Long range anti-correlation over rapidity

b = 6 Fmb = 6 Fm

η = -2 η = 2
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Octupole Twist Evolution

• Evolution with rapidity 
and impact parameter  

• At higher rapidity there is 
an increasing Octupole
Twist
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Twisted Harmonic Decomposition

• Decompose RAA into 
fourier moments

• Moments increase in 
magnitude with 
increasing asymmetry

• Higher moments 
increase in 
significance with 
larger b and η

(A.Adil, MG (05))
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Part II Conclusions

• Bjorken Scaling Violation is an intrinsic feature 
of A-A and leads to twisted sQGP initial 
conditions
– Inherent but differ in detail in (BGK , HIJING, CGC )
– Leads to qualitatively novel jet quenching patterns  
– Rotates Participant sQGP Density in η,x plane
– Induces Dynamic Twist Effect θ3 in RAA(ϕ,η)
– Can measure via non-flow directed v1 and octupole!

v3(η,pT) Fourier moments in addition to usual v2,v4

• Will help to test details and sort out
– CGC vs Shadowing
– Cronin


